Liquid Crystal Optics In
the Far Infrared (THz)

Ci-Ling Pan
Department of Photonics and
Institute of Electro-Optical Engineering (IEO)
National Chiao Tung University (NCTU)
Hsinchu City 30010
Taiwan
ROC

NCTU




Acknowledgements

e Ru-Pin Chao Pan, Chao-Yuan Chen, Cho-Fan
Hsieh, H. L. Chen, T. A. Liu, T. R. Tsal (NCTU)

M. Hangyo, M. Tani (Osaka U.)
« X. =C. Zhang (RPI)

NCTU



NCTU

Outline

 Motivation and Objectives

e Liquid Crystals (LC) and THz
Techniques: Basics

» THz Optical Constants of LC

« Examples of LC THz devices:
phase shifter, quarter-wave
compensator, filters

/ﬂ\



Motivation and Objectives

* Motivations:
* Increasing demands for THz quasi-optic components.

e LC has played an important role in the visible optics as
well as electro-optics and could be as eminent in THz

optics.
e Objectives:

e Characterization of LCs in the THz regime

 To develop THz photonic devices with LC-enabled

functionality
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Liquid Crystal: A Unique State of Matter
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The first Liquid Crystal

Otto Lehmann's polarizing microscope
(From his book, 1900)
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Friedrich Reinitzer, 1857-1927
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cholesteryl benzoate: related to cholesterol

F. Reinitzer, Z. Phys. Chem. 9, 241 (1988)
O. Lehmann, ibid., 4, 262 (1989)




Properties of LC Materials

o LC is state of matter intermediate
between solid and amorphous liquid
— Liquid with
ordered arrangement of molecules
— Molecules with
orientation order (like crystals) but
lack positional order (like liquids)
 Organic substances with
anisotropic molecules that are
highly enlongated or flat
* Ordering leads to anisotropy of
— Mechanical properties
— Electrical properties
— Magnetic properties
— Optical properties
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Table 1.1. Liquid Crystal Materials

Name Formula

Nematic Range (°C)

Bt 3 et~ <)~ ) 06219

PAA CH30 @- TZNO{)CHg, 118-135.5
0]

EBBA (113('1[306—({‘:1\1—@&}19 35-77
(8]

MBBA (‘113()_©_(|‘:N‘@('4Hg 22-47
O

CCH-501 (‘51111%()(TI[3 20-36.8

5CB CSII“('N 24-35

6CB Cn”l:x('N 15-29

Yeh & Gu




Building Blocks of Liquid Crystals

rod like {calamitic):
25A

MBBA
(4-tnethozyhenzyliden-
4" -butylamlin)

C22°N 47°1

SCB
(4-pentyl -4 -cyanobiphenyl

C18°N 36°1

others: disk like (discotic)
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Different Points of View

i
View !
O$ View

Q

» Shape Anisotropy
 Length > Width

The molecule above (5CB) is ~2 nm x 0.5 nm

CH,- (CH2)4 CEN
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The Nematic Director n
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Orientational Order of LCs

« Director n at any point is the
preferred orientation in the
Immediate neighborhood

e In homogeneous LC, it is
constant throughout medium

 In inhomogeneous medium,
n=n(X,y,2)

e Order parameter of an LC is
given by

S =(P,(cos8)) = %(3<cos2 6?> ~1)

6 is the angle between the long
axis and director n
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More on the Order Parameter

S =(P,(cosh)) = %(3<cos2 6’> ~1)

j cos” QY .
<C082 6’> — Q — Z—  no order
[do 3
Q

S = <P2 (COS ¢9)> =0 Isotropic fluid @




Effects of Order Parameter

The order parameter, S, is proportional to a number of important
parameters which dictate LC device performance.

Elastic Constants: k. oc S?
Dielectric Anisotrophy Ag o S
Birefringence Anoc S
Magnetic Anisotrophy Ay oS
Viscosity Anisotrophy Anpoc S

/K S
V., oc .|[— oc .[— =4/S
th A& S
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Dielectric Constants

e Nematic and smectic LCs are uniaxially symmetric
with axis of symmetry parallel to the director n

— Dielectric constants differ in value along the preferred
axis (g,) and perpendicular to the preferred axis (g, )

— Dielectric anisotropy isAe = ¢,-¢,, -2¢,<Ae<15¢,

1 - -
e The macroscopic energy Is: Wen =5 D.E

 If O Isthe angle between the director and z-axis

D, =(g,cos* @+¢,sin’ H)E
1 D?

Wen =+ 2 - 2
2¢&,C08°0+¢ sSIn" 0

em
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Anisotropy: Dielectric Constant

— & g
%
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Dielectric Constants: Temperature Dependence
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n, and n,: Temperature Dependence

Average Index
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5CB: a typical NLC

5CB (K15): 4’-n-pentyl-4-cyanobiphenyl

Refractive index

Nematic phase
T=2240C ----345°C

1.90-
1.854
1.80
1.75
1.70
1.65-
1.60-
1551
150
1.45-

\no(ZS 1°C)

n_ (25.1°C)

1.40

|||||||||||||||

1 0.28
1 0.26
1 0.24
1 0.22
x 0.20
1 0.18
1 0.16
- 0.14
1 0.12
- 0.10

0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80

Wavelength(um)

In the visible,
An (A,T)=n_-n,=0.14~0.19

Birefringence (An)



T-Ray: Next frontier in Science and Technology

Terahertz wave (or T-ray), which is electromagnetic radiation in a
frequency interval from 0.1 to 10 THz, lies a frequency range with
rich science but limited technology.

Courtesy of

. . X.-C. Zhang
electronics THz Gap photonics

microwaves
MF, HF, VHF, UHF, SHF, EHF

visible x-ray  y-ray

100 103 106 10° 1012 1015 1018 1021 1024 Hz
dc  kilo mega giga tera peta exa zetta yotta
Frequency (Hz)

1 THz ~1ps ~300 ym ~ 33 cm!~ 4.1 meV ~ 47.6 °K
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Blackbody Radiation:
Natural Source of THz Radiation

108

10-10

10-12

10-14

Emissivity (J/m?)

1016

10-18

.01 i 1 10 100 1000

Frequency (THz)

Natural sources of THz are very weak.
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“Traditional” electronic approaches to
“THz light”

1.0E+O5
E 6 Impact Avalanche o
1.0E+04} Trans@lt Time (IMPATT) diodes
— 5 -
; 1.0E+03} ]
= ;
« 1.0E+02}
] OQ
= ;
O 1.0E+O01L
= :
= ? C O
1.0E+00}
O O
1.0E-01]
1.0E-02L4 - e s
0.1 1 10
Frequency (THz)

Courtesy: R. Trebino

NCTU Xy
M




THz and
Optical Parametric Generators

THz picks up where OPG's leave off.

rase
I
Agiiasq
I
Terahettz Iethods TP
| ——— 1
EEC
Frequency (u:m']') e
10 1010 1000 10000
"Translabomns" o = Fardamental -
vih rahors o
«=—— Lihmboms —== verione
hrations

NCTELyin D. Reid, University of Leeds, and Klaas Wynne, University of Strathclyde Nt



Generation of THz Wave:
current surge effect

 Hertzian dipole antenna in free space.

) (t) B n(t)e'uEb ?Hz radiation
E(r,t) < E%? Pulsed laser
I

- ~10"* sec
E —70 [Biased Dipole
| J (1)

0 1
NCTU Time dealy (ps)




Detection of THz Wave:
Photoconductive Antenna

Snnnnbhiiin s optical pulse

1 (7) = e,uz'cm_E2 E(t)n(t —7)dt

Substrate

I(7): detected signal current, e: electron charge, u: carrier
mobility, t.: carrier life time, m: repetition rate, t: relative
time delay between THz pulse and gating laser pulse, n(t):
photo-induced transient carrier density, E(t): THz field.

Substrate with
o Shorter carrier life time: n(t)~delta function =>E(t)ocl(t)
o Long carrier life time: n(t)~step function=>E(t)ecdl(t)/dt
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Generation of THz Wave:
Optical rectification

 Transient polarization generated after pulse
laser (wide band width) excited optical
nonlinear materials

e Transient polarization:

P(Q)= ;((2) (Q,0+Q,~0)E(w+Q)E () é
P(Q) = 7O(Q, 0 + Q,-0,0)E(w + Q)E"(»)E,(0) '_

e Radiated THz field:

- 0 - 2 .
E, oc—J(t) c —P(t
o= J(0) <~ P()

NCTU




Detection of THz Wave:
Electro-Optic Sampling

Al(R)=1,sin(A7) =L ar

dr,, n.
ar =2 ;1 N E., (1) 1-10] p detector
Q\/—>'- : Wollaston
\\
< !ﬁ polarizer

1/4 plate
ZnTe

o / / ‘ probe beam
,1:0
X/ £

pellicle

J\/\/V\/i polarizer
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Terahertz Time-Domain Spectroscopy (THz-TDS)

@ 0 @

7 5)
(1) . S— 0.00020
J _l 000015—-
(6) ' Reference
(7) E 0.00010
(1)Ti:Sapphire fs Laser T 000005
(2)Neutral Density Filter b ]
(3)Quarter Wave plate % g o
(4)Beam Splitter (8) D 000005
(5)Mirror coated with Ag ]
(6)Object Lens =) 7000010 1
(7)Emitter:LFGaAs Photoconductive <= o 20 4 e s 100 120 10
Antenna with Silicon Lens time delay (psec)
gramoic s, | PNy |

1E-15

Reference

Antenna with Silicon Lens

(10)Optical Delay Stage %

(10) 1E-16
*The emitter and detector
using small gap LT-GaAs
photoconductive antenna
*The signal to noise ratio is up
to million

*The bandwidth is between frequency (THz)
0.1t0 1.5 THz THz frequency domain spe

1E-17

power (a.u.)
= = =
mom m
8 & &

1E-21

1E-22

ER3t+—7—7—
0.0 05 1.0 15 2.0 25 3.0

Bl »
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Measuring THz
pulses using
photoconductive
sampling

Antenna impedance
VS. time

antenna
e Impedance

femtosecond
~ laser pulse

time
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Because the fs optical pulse is shorter than the THz pulse, this works. .

photoconductive antenna
femtosecond \ L
optical bear& [\ /\/,
—=—

incoming THz wave

ammeter

Scanning the delay is performed as in
cross-correlation.

train of THz
pulses

L L 1L L L

train of fsec
optical pulses




THz Imaging: Examples
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THz Movie of a Match Box

PC Antenna

=

BS

Femtosecond laser

X

Sample —l

-Z Stage

time domain (amplitude)

NC

=== ZnTe _4. .

_compensator ELE Lm ;i /55 1\ ‘

L ] PENG YANG RE,ST.\URANT 4
Wollaston ;
prism

Balanced
detector

frequency domain (amplitude)

(3
(2 B i % ’E:]l'

PENG YANG REETMJB&NT
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THz Biomedical Sensing:

Refractive index and absorption coefficient of deoxyhemoglobin

2.1
20k 4160 Hemoglobin (powder-320um)
= £ ol Hemoglobin (Thin film-350um)
S >~’— =T Hemoglobin (powder-960um)
s 18f S 120}
° ) Q [
S 17} ® 100}
2 16} 5 1
S sl s T
= Hemoglobin (powder-320um) g 60 |
r L4p Hemoglobin (Thin film-350um) =}
13k Hemoglobin (powder-960um) g' 40 i
1.2 [ N g N g N g N g N g N 8 20pF
0.2 0.4 0.6 0.8 1.0 1.2 1.4 < ol - — L
Frequency (THz) 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Frequency (THz)
Water Blood Hemoglobin | Hemoglobin
(powder) | (Thin film)
Refractive index- ~2.04 (0.07)| ~2.01 ~1.87 (0.02) |~1.61 (0.03)
mean value (with (0.03)
standard deviation)
Absorption coefficient | 1502250 | 120=»240 | 8=246 14=>52
(cm™)
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Burn-depth detection of pork with T-ray technology (1)

Normal
Type Pork Burnt Pork Staked Pork
. 1. Heated with 150°
. 1. Heated with 150° .
Pr;fi:::?n Dehydrated | C for 10 min ga:tc;r 10 min (burnt
2.Dehydrated 2 Dehydrated
Thickness 0.27mm 0.533mm ~1mm

Incident THz wave

-~———

First reflected wav

n \
1 !/
AP —

S 3}

ES'/ _._/

3ot Reference
2 | Burnt pork
E_ 1L { Normal pork
<

@ of \

N

= |

£ -1k

o | \

z

o A porcine skin

v _S =

measured waveform "

Second reflected wave
d (thickness, mm) | T (time of flight, ps) n (refractive
’ index)

Normal 0.27 3.01 1.67
Burnt 0.533 6.18 1.74

1
N

4 6 8

10 12 14 16 18

Time delay (ps)

Refractive index of burnt and normal porcine is determined via THz time of {lig
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Burn-depth detection of pork with T-ray technology (I1)

X
‘//\ﬁ e

Incident THz wave

—\/\,_

First reflected wav,

1.5mm

upIod [eurioN

Second reflected wave

3 o
@ @
=

g FE

Third reflected wave

1 (0.0 mm)

2 (0.53 mm)
3 (0.90 mm)

Incident THz wave

E 1 -/\/w normal) pork
%_1 i - LAIM ) 3 (O cm) (;cm) Z (dEPth)
E\/\/\f\/\’\/ Burnt depth of 0.53mm is resolved via

‘30 3 _é o 12 15 18 21 THZ |mag|ng
NCTU Time delay (ps)




Homeland Security

4
Frequency (THz)

TeraHertz
Shoe Image

Explosive

Cambridge
Consultants




Towards THz Communication Link

The 1st directly
.. modulated THz Link

THz wave

10
>
8
o 05
=) 10
= 5
2 0.0 8
£ - . © 05
B Original music time i
O _ =
o 0.5 sequence and a 500
£ portion of spectrum s
c-1.0 @
pzd 0O 5 10 15 20 25 30 35 40 45 50 55 2'0-5
Time (sec) g
0 2_1'00 5 10 15 20 25 30 35 40 45 50 55

Time (sec)

Received music
time sequence and a
portion of spectrum

\s

Maghnitude (dB)
a1
o

o L/ ——
mﬂmﬁbﬁ'w,ﬁr |

K

Magnitude (dB)

-100
0

10 15 20

NCTU rreaveney Opt. Exp.,Dec’05 ™ R,




THz-TDS: Extraction of
Far IR Optical Constants of Materials

Power Spectrum Phase

: | A (P((D) A
time delay — At — ()

(®) | ¢(w)

1 1 > >
1 1
1 ) Q)
1
1
1
! ! A A

- r Ll -~

V4 I v

1 1
1 1

® ®
Imaginar Real index
sample . : aginary + eal inde
Spectral Absorption Index x n
NCTU




How to derive n and k from THz-TDS (l)

time-domain waveforms

1 FFT

frequency-domain data

:

Transmission function T(w)= EsaveLe (@)
1 Erer (@)
Numerical method,

(L. Duvillaret et al. IEEE J. Sel Top - n, k
guantum Electron. 2, 739 (1996) )

NCTU




How to derive n and k from THz-TDS (lI)

1 2 3 4 5 1: air
i)j\f = ﬁA/‘ 2 fused silica
3’:sample
3. air
1| 2 [ 3| a4 | s 4: fused silica
i)j\/‘ " E samplej\f 5:alr

Terms considered:
1. transmission and reflection coefficients at a-b interface;
2. propagation coefficient in medium a;
3. Fabry-Perot effect between layers 2 and 4;
a, b: 1-4

NCTU




How to derive n and k from THz-TDS (lII)

Ereference (a)) = T12 (a)) P (a) L)T23 (C()) P (Ct) L)T34 (a)) P (C(), L)T45 (C()) ¢

Z[R34<w)P (0. L)Ry,(@)] #E(w)

FP (60)

Esample(a)) :T12 (Q))P (C() L)T (Q))P (a) L)T (C()) P (a)’ L)T45(a)) ¢

Z[Fg4(a))P2(w L)R32(a))] «E()

FR (o)

E
T (6()) _ sample (C())
Ereference ((())

T, T, P (0, +1)° o
23 34 ( 2~ )2 . exp(_i@(ng_nair)j pr(w)
T23T34 P, (n2+n3') C

Transmission coefficient

NCTU




The Complex refractive indices of 5CB

Sample cell:
|

du 19 0.15
pT Y — 18]
l %Cg&c . __—o—o_.ao—o—o—o—o—o—o—o—o—o—o—0—0—0—0—0—0—0'0—0—0 0.14
ddown | - TR, —x—x 0.13
t 1.6 4-0-0—0-0=0—0—0—0—0-0—H—6—0—0—6—0—6-0—6—6=6=6=6=8
15- 0.12
_ ] 1.4 0.11
Fllled Wlth 5CB (Meer) 12:: / —0— Ne and ke at 250C 0.10
Homogeneous alignment " 173 —0—ng and kg at 25°C 0.09
Cell Gap: 25012 ' m L0 —x—nat36°C .
Substrates: fused silica g-g-ﬁ 0.06
(3.120 mm) 06 0.05
0.5 0.04
. 0.4 -
Reference cell: e / 0%
0.2 /./.\k 0% 000002 -8TevEgg
l 0146 o0-o., ® 0-0-5 000 oig\o/o 0.01
0.0 T —— T T T T T T T T T 0.00
d 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
T Frequency (THz)

d= dup t ddown
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Temperature Dependence results

1.78 4 ;
i / ne 0.500THz 0.20
1.76 |
1.74 ] 0.18
172 - 0.16
1.70 " 014
1.68 n c
4 <
1.66 - o 0.12-
1.64 -
e 1 0 0.10
1.62 4 < i
1 £ 0.08
1.60 o |
1.58 4 0 0.06 -
1.56 7 0.04 1
1.54 ]l 0.500 THz
155 ] 0.02—_
15 +——--v+—-7p-"+—4——7+—+—7-—-"—7"—" 77 0.00 : , : . I . I . I . I
-10 -8 -6 -4 2 0 2 4 6 -10 -8 6 -4 -2 0
- T-T
T TC

2N +n Measured T.: 34.5C
Nave = 3 An of 5CB: 0.15 ~0.2
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Comparison of THz and visible Data

1.95
. .\.\‘ .
1.90 = e -
- \. o
1.85 \ -
1.80 = O O O -
. O/
x 1754 o0 o o— -
© b -
S 170 A 44 4 4 -
() - —A L‘ -
= 1.654 i
< y .
= 1.60 - i
Q) 9 -
155
PY A A A A nnnss—ALT —€—n 0717 THzZ 7
1.50 = —O—n _0.717 THz |
' )
145 l —4—n_632.8 nm
o —A—n_632.8nm
1.40 v ] L | v | v | v ] ) | ) 1 T 1 Y T

24 26 28 30 32 34 36 38 40 42

NCTU Temperature (°C)




Optical Constant of E7 in the THz range

NCTU

Real Index

An

Imaginary Index

Frequency (THz)

2.1-(a) 21
184 Ne . . of18
154 e I:]O -1.5
o -
0.2- %lo.z
N SRR I IR PR R
o;.'(;” é % P
0.0- § § § § -0.0
USRS RS




Magnetically controlled
LC-based THz phase shifter

A
Rotatiow
axis f

+ Magnet
(~ 5000Gauss at cell
position)

Polarization

—_———————d —_——_————

Propagation
direction

APL, Dec’03, Opt. Exp., June’04,
selected by the Virtual Journal on
Ultrafast Sciences, Taiwan
patent’04, US patents filed




Sandwiched LC Cell Structure

Cell 1 Cell II Cell II

- = =] L == ===
= =
P P = = s =
- =) - =] L = == - =)
ee oo = e e =) - o= = ee = =|
o= = o= <= L2 == <= o= =
- = - = = S - |
= = = = = =
ss ss ss ss
= = =| =
- = L = L =
= = == =< ==
Eeee = Eeee =_] Ecoe = Eeee =_]
e =_Z Lo = be = Lo =
- =< = = s =T
- = - = - by - =
= = BsS co|lB= B
- = - -

I O r'lm -_— = -_— = D | D
|===" == =T oo === =q|=""==
- - - -
= = = = == =
—_— -_— p— -_—

- - < - - -
= o o - - - o -
= °S = - == e T - o= o
= P - =
= = = | F < o= < e <
e <o = =< = =<<=l|= =
- - < = - 4| = <
- - =
e = = . — =|b= -
==_<-< = = o) =

Teflon Spacer Teflon Spacer

Teflon Spacer
(0.93 mm) (1.32 mm)

(3.00 mm)

 The fuse silica substrates have been coated DMOAP to
obtain the homeotropic alignment.

 The thickness of substrates are about 1.57 mm.
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How does the Phase Shifter work?

!
\..i...
WLl

i NN -
AR AR AN“WV
e 1 1] VAN
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Theoretical Analysis

Phase shift, 6 (&), can be written as

0(0) = _T?Aneﬁ (6,2)dz

0

where L Is the thickness of LC layer
A ng IS the change of effective birefringence
f 1s the frequency of the THz waves
c Is the speed of light in vacuum

NCTU



» Threshold magnetic field = 100 Gauss
» Magnetic field of magnet = 5000Gauss

We can assume that the LC molecules are reoriented parallel to
the magnetic field direction, the phase shift can then be
rewritten as:

i 2 ) 1
5(9):2”LZ< COS 2(6’)+sln g&)
n n

0] e

where L is the thickness of LC layer

n, Is ordinary refractive index of LC

n, Is the extra-ordinary refractive index of LC
f 1s the frequency of the THz waves

c Is the speed of light in vacuum

NCTU




Transmitted Waveform through
the E7 LC Phase Shifter

3 .ﬂo O
%001 o e Q
S 1E3 ® 0 e 2%
= /. | oA A
£ * 7 % Q

) /
E1E4 < ? o)

Transmitted THz Field (a.u.)
o
o
|

-0.6 =

Time Delay (ps)
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Phase Shift vs Magnetic Field Orientation

400- o 1.025THz

350.. e 0.49THz
—theoretical

368°

300 -
250
200 +

150 -

Phase Shift (degrees)

100 -

50 -

0 10 20 30 40 20 60
0 (degrees)
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Electrically tunable LC THz phase shifter

3 E7 (MERCK)

DMOAP
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Electrically tunable LC THz phase shifter

IEEE MWCL, Feb.,2004
_~ OL, April 15, 2006

7
X
VA
, Z
y
THz wave ¢ Fused silica substrate (0.858mm)
Homeotropic alignment

Polarization

Copper spacer




Transmitted Waveform through
the E7 LC Electrically-tuned Phase Shifter

45 oy 45-
y —— 15v 5.

30 - 3OV 15-'
——35v ]

THz Field amplitude (a.u.)
o
|
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Theoretical Analysis

| 1/2

| z V, ¢ 1+qsin°@

5 — dg V>V,
\ o / ik (sinze —sinzej h

\ \ 7I \ \ q=(k —ks)/Kq
/ I \ \ An.. :{cosz(é?) +sin2(¢9)r_no

/ \ / noz r.lez
P 5(V) = jo —Aneﬁ (v, )z
n
1
de Gennes, Phys. Lig. Cryst., 1983 | k3 2
V, =7 = 26.9volt
Kane, APL 20(1972)199, 22, 386 (1973). d E,E,
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Phase Shift vs applied Voltage

00| ® 031THz o {
® 0.60THz o
= _ 0.81THz
© 7 e 1.00THz
@) 4
(D)
T 60- o
e . o ©
S 45- °
CD -
7))
T 30-
al i ® ® ® () o q
154
O-r By ’ ’ ! ’ ! ’
0 25 50 75 100 125
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Device Response . Switch-off time
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Phase Shift: E vs B tuned
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Quarter wave plate/Compensator
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Lyot-type LC Tunable THz Filter
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Principle of the Lyot Filter
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Sketch of LC THz wavelength selector
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Lyot-type LC THz filter: Results
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Tunable THz Photonic Crystal Filter
Using Nematic Liquid Crystal
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The 2D-MPC sample was made from 0.5 mm-thick Al plate

The triangular lattice constant: s = 0.99 mm,
The diameter of each hole: d = 0.56 mm.

4 C
VCUtOff = 1.841%

gf; 0 Vg = 2C 1~/3s

/
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® The transmission spectrum of the 2D-MHA is characterized by

three frequencies.
® The band-pass peak frequency is above the cutoff frequency.

® The transmittance is several times larger than the porosity Of.
the holes. vy




Transmission of the 2D-MPC w/w.o. LC
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Frequency shifter and Peak Transmittance
of the LC Tunable THz Photonic Crystal
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Summary

 Optical constants of several LCs measured in the THz
range. Birefringence of 5CB and E7 comparable to those
In the visible. Attenuation negligible.

e Several LC-based THz devices demonstrated.

1. Room-temperature 2z magnetically tunable THz
phase shifter

2. LC-based THz quarter-wave plate w/fine electrical
tuning.

3. LC-type tunable Lyot-type THz filter.
4.  LC-type tunable photonic crystal THz filter.
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